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Re : Semi-Annual S t a t u s  
Report ,  NASA Re- 
search  Grant 
NsG-512  

D r .  T. 
Of f i ce  
A t t e n t  

L. K. Smull ,  D i r e c t o r  
of Grants and Research Cont rac ts  
on: Code S C  

Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Washington, D.C. 

Dear D r .  Smull: 

With t h i s  l e t t e r  I would l i k e  t o  submit t h e  f i f t h  

Semi-Annual S t a t u s  Report f o r  t he  NASA Research Grant NsG-512 
\ 

t o  t h e  Un ive r s i ty  of F l o r i d a  concerning the  s u b j e c t :  

Quantum Theory S t u d i e s  of t h e  Energies  

of Exci ted  S t a t e  Atoms and Molecules , 
P a r t i c u l a r l y  as They Occur i n  t h e  

Upper and S t e l l a r  Atmospheres, and i n  

Materials Undergoing Combustion. 

We would l i k e  t o  express  ou r  s i n c e r e  g r a t i t u d e  t o  

t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  f o r  making 
t h i s  work p o s s i b l e .  h 
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DWS:jd 

Enclosures  

Yours  s i n c e r e l y ,  
L 

A s s i s t a n t  D i r e c t o r  
Quantum Theory P r o j e c t  

f o r  Per-Olov Lowdin 
1 1  

c c  : V. R. Learned 
p. 0. Lgwdin 
S .  S. B a l l a r d  
H- H. Sisler 
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For  t h e  per iod  October 1, 1.765 "Quantum Theory S t u d i e s  of the  
t o  March 31, 1966; NASA Research Energies  of Exci ted S t a t e  A tom 
Grant N s G - 5 1 2  t o  t he  Un ive r s i ty  and Piolecules,  P a r t i c u l a r l y  a s  
of F l o r i d a  f o r  b a s i c  s c i e n t i f i c  They Occur i n  the  Upper  and S t e l l a r  
r e s e a r c h  on t h e  s u b j e c t :  Atmospheres, and i n  Mate r i a l s  

Undergoing Combust ion". 

L i s t  of Papers  Acconpanying This  S t a t u s  Report 

Technic a 1  No o r  
Report  No. Author T i t l e  Copies I 

66 G. Ludwig HofacIcer Theory of I n t e r n a l  Relaxa t ion  5 

76 J. 0. Hi r sch fe lde r  Determinat ion of 5 

S p e c i a l  P. 0. L&din The Ca lcu la t ion  of Upper 5 

i n  Chemic a 1 Kine t i c s  

In te rmolecular  Forces  

Is sue an3 Lower Bounds 

Out l ine  of Research i n  Progress  

We have cont inued  t o  devote much of our a t t e n t i o n  t o  the  theory  of 

quantum mechanical l o v e r  bound procedures ,  and z p p l i c a t i o n s  t o  two-e lec t ron  s y s t m s .  

The p resen t  s t a t u s  of the  l o v e r  bound work using the  p a r t i t i o n i n g  technique i s  r e -  

viewed i n  a s p e c i a l  r e p o r t ,  "The Ca lcu la t ion  of Uyper 3nd Lorrer Bounds of Energy 

Eigenvalues  i n  P e r t u r b a t i o n  Theory by Means of P a r t i t i o n i n g  Technique, I t  by P ro fes so r  

P .  0. Lovdin. 

s i n g l e -  o r  mul t i -va lued  f u n c t i o n  C1 = f(k) such t h a t  each  p a i r  & and c/ 
b r a c k e t  a t  l e a s t  one t r u e  e igenvalue  E. 

of t h e  v a r i a t i o n  p r i n c i p l e ,  t he  f u n c t i o n  

bound. 

Schrodinger-ty$e p e r t u r b a t i o n  expansions and, i n  t h e  case  of a p o s i t i s  def  i n i t c  

p e r t u r b a t i o n  V P O ,  upper and l o v e r  bounds f o r  the sums are determined by means of 

o p e r a t o r  i n e q u a l i t i e s .  By us ing  t h e  method of " inner  p ro jec t ion" ,  it i s  f u r t h e r  

s h o ~ m  t h a t  t h e  remainders  in t he  Br i l l ou in - type  expansion may be eva lua ted  u i t l i  any 

accuracy d e s i r e d ,  and t h e  corresponding problem f o r  t h e  Schrgdinger- type expansion 

is b r i e f l y  d i scussed .  

11 
It i s  shown t h a t ,  if &is a r e a l  v a r i a b l e ,  one nay c o n s t r u c t  a .- c- - 

I f  Lis chosen a s  an  upper bound by means 
f Gl i s  hence going t o  provide a l o v e r  

The p a r t i t i o n i n g  technique is he re  used t o  cierive Br i l l ou in - type  and 
r i  

D r .  J .  H. Choi, who c o n p f e t e i  a r2octoral d i s s e r t a t i o n  e n t i t l e d  "Lower 

Bounds t o  Energy Eigenvalues  by t h e  P a r t i t i o n i n g  Technique" l as t  y e a r ,  has  remained 

w i t h  t h e  Quantum Theory P r o j e c t  through June 1966. 
based on h i s  d i s s e r t a t i o n  and t h e  further work he has  done t h i s  p a s t  year .  

Two papers  have been Prepared 

(P re -  
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p r i k s  w i l l  be s e n t  vhen a v a i l a b l e ) .  

wit11 D . W .  Smith), "A Lnver ~ 9 ~ c . l  Ircccdiire f o r  E:nett;y Eigenvaiues by the  ? a r t i t i o n -  

i n g  Process ,"  a method i s  desc r ibed  f o r  t r e a t i n s  the  d i f f i c u l t  ca se  where the upper 

bound i s  z r e a t e r  t han  the  f i r s t  exc i t ed -e igenva lue  of go. 
i n  t h e  use  of a mult i -dimensional  r e fe rence  manifold which inc ludes  all of the  

e i g e n f u n c t i o n s  of  t he  unperturbed Hamiltonian, t he  e igenvalues  of which are less  

t h a n  o r  equa l  t o  t h e  upper bound of i n t e r e s t .  Bpp l i ca t ions  t o  the  two-electron i s o -  

e l e c t r o n  ions  are given.  

I n  t h e  f i r s t  paper ( m i t t e n  i n  c o l l a b o r a t i o n  
< 

This method c o n s i s t s  

I I  
I n  D r .  Choi ' s  second p a p e r ,  "Treatrcent of Degeneracies I n  the Schrodinger  

P e r t u r b a t i o n  Theory by P a r t i t i o n i n g  Technique," t he  degenera te  czse  is t r e a t e d  by 

two methods. The f i r s t  uses  a mult i -dimensional  r e fe rence  manifold ; t he  o t h e r  uses  

"repeated p a r t i t i o n i n g "  vh ich  enab le s  one t o  use a one-dimensional r e fe rence  space.  

Uh i l e  Loudin had p rev ious ly  t r e a t e d  degenerac ies  i n  c 8 e i t s e l f ,  t he  p re sen t  ~rorl- was 

d i r e c t e d  toward r e l a t i n g  t h e  Schrodinger  Pe r tu rba t ion  formula wi th  the  p a r t i t i o n i u g  

technique €or a degenera te  l e v e l  of de". General ized 1mve and r e a c t i o n  ope ra to r s  

t J  and t a r e  in t roduced  i n  connec t ion  with t h e  repea ted  p a r t i t i o n i n g .  The use  of 

1.1 and t i n  handl ing  t h e  degenerz te  c a s e  of :e i s  d iscussed .  

II 

11 

F u r t h e r  re f inements  i n  t h e  method f o r  o b t a i n i n s  l o v e r  bounds have been 

developed by Llr. Timothy IJ i lson i n  h i s  d o c t o r a l  d i s s e r t a t i o n  vrhich i s  nea r ing  

complet ion.  He i s  s tudying  the e x c i t e d  s i n g l e t  s t a t e s  of t he  helium atom 

(23S and 33S)  and t h e  l i t h i u m  ion  (&, 33S,  and 43s). 
agree  t o  0.00004 3.u. f o r  t he  lowest  s i n g l e t s  of each of t h e s e  s p e c i e s ,  rihich is  

e x c e l l e n t  agreement. For t h e  o t h e r  s t a t e s ,  t he  agreenent  i s  less c l o s e ,  bu t  s t i l l  

s a t i s f a c t o r y .  

Upper and lower bounds 

A t h i r d  d o c t o r a l  d i s s e r t z i n  vas completed r e c e n t l y - - t h a t  of D r .  Oswaldo 

He has surveyed t h e  p re sen t  s t a t u s  of t he  p a r t i t i o n i n g  technique an3 Goscinslci. 

lower bound theo ry ,  i nc lud ing  i t s  r e l a t i o n  t o  the Temple formula,  t he  Feenberz 

p e r t u r b a t i o n  series, and t h e  method of r e c i p r o c a l  v a r i a t i o n a l  problems. D r .  

Goscinslci a l s o  d i scussed  a t r ans fo rma t ion  of the SchrGdinger equot ion  which allrays 

y i e l d s  a p o s i t i v e  Hermit ian ope ra to r ,  and t h i s  nay c l a r i f y  one of t h e  problems i n  

ex tend in2  the  theo ry  t o  r iolecules .  

b 

The i n t e g r a l s  necessary  t o  apply these  methods i n  the  atomic case have 
6 

i n  c losed  1orr.i and a p p l i z a t h n s  a r e  forthcoming. 

There i s  a syrmetry dilemma i n  the  ord inary  Hartree-Fock schemes based on 
I 1  

determinant .  D r .  Lowdin has s h o ~ n  t h a t  t he  symmetry requirements  

which r a i s e s  t h e  energy,  and that  any lettering of t h e  energy is 
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p o s s i b l e  only  a t  t h e  expense of loss  of symmetry. 

sEheme, t h e  t o t a l  wave f u n c t i o n  is  approximated by a s p c i f i c  p r o j e c t i o n  UD i n  the 

component a n a l y s i s  of D ,  t o  which t h e  v a r i a t i o n  ;>r inc ip le  is then  appl ied .  ~t is 

shown t h a t  t h e  r e s u l t i n 2  wave f u n c t i o n  i s  d i r e c t l y  connected wi th  the independent- 

p a r t i c l e  node1 i n  the  sense t h a t  i t  is  uniquely determined by a s e t  of N spLn- 

o r b i t a l s ,  vhe re  N i s  the  nunber of p a r t i c l e s .  The p r o p e r t i e s  of t h i s  s c h e w  a r e  

d i scussed  i n  sone d e t a i l ,  and r e f e r e n c e s  t o  a p p l i c a t i o n s  a r e  g iven  i n  a manuscript  

which i s  under p repa ra t ion .  

I n  the  pro jec ted  Hartree-Fock P 

Ur. Car los  Bunze has  been carrying o u t  sone a t o n i c  c a l c u l a t i o n s  by rhc 

The p r e l i ~ i i n a r y  r e s u l t s  obtained 13r t he  ‘S method 02 c o n f i g u a t i o n  i n t e r a c t i o n .  

s t a t e s  of De a r e  encouraging and tre b e l i e v e  t h a t  we s h a l l  be a b l e  t o  o b t a i n  s i g n i f i  

c a n t l y  b e t t e r  e n e r g i e s  and \rave func t ions  than those  round prev ious ly  by o t h e r  

au tho r s .  The nev  techniques  crllployed inc lude  : 

a )  a complete automatic  program t o  handle  t h e  gene ra t ion  of a nany- 

e l e c t r o n  Hamiltonian mafrrix of a d i n e m i o n  l imi t ed  only  by time c o n s i d e r a t i o n s .  

a progran t o  improve approximate e igenvalues  and e igenvec to r s  of b) 
large f i n i t e  Hermit ian m a t r i c e s  by t h e  method of Gauss - S e i d e l  - Lanczos. 

c )  t h e  idea  of findin: t he  n a t u r a l  o r b i t a l s  of t h e  K and L shel ls ,  

t o  s e l e c t  sea, and t o  c o n s t r u c t  from them 2 ne17 b a s i s  of one-e lec t ron  func t ions .  

Th i s  is s h o m  t o  improve cons iderably  tile bas i s  se t  used by Uatson (Phys.  Rev. - 109, 

‘170 (1960)). 
b a s i s  of 4 s-type and 3 ptyile o r b i t a l s  t he  sane r e s u l t s  a s  I le i ss  (Phys.  Xev. -- 122, 
1-826 (1961)) w i t h  7 s and 5 p o r b i t a l s .  

t h a t  rie can  ex tend  our  c a l c u l a t i o n s  almost without  r e s t r i c t i o n s ,  

As a n  i l l u s t r a t i o n ,  we are g e t t i n g  f o r  the Be ground s t a t e  wi th  a 

Also o u r  b a s i s  i s  or thogonal ,  tdiich means 

D r .  Rolf IiIanne has  developed nn approximate molecular  o r b i t a l  LCAO-SCF 

sc5ene w i t h  t h e  aim of c a l c u l a t i n g  s h i f t s  of inne r  e l e c t r o n  l e v e l s  due t o  chemical 

bonding. A n a l y t i c a l  a t o n i c  Hartree-Focic func t ions  a r e  used a s  a b a s i s ,  and the  

m a t r i x  e l e n e n t s  a r e  w r i t t e n  i n  a f o m  lending  i t s e l f  t o  the  i n t r o d u a i o n  of ca lcu -  

l a t e d  o r  experimental a t o n i c  o r b i t a l  ene rg ie s .  The l a t t e r  c a s e  i s  equal  t o  the  

Goeppert-Pfayer-Slclar ap2roximation i n  I ?  - - e l ec t ron  theory .  The o u t e r  o r  va lence  

e l e c t r o n s  and t h e  inne r  o r  co re  e l e c t r o n s  a r e  t r e a t e d  s e p a r a t e l y ,  and the COL-C- 

valence  i n t e r a c t i o n  can  be included r igo rous ly  by means of Lowdin’s p a r t i t i o n i n g  

technique l ead ing  t o  expres s ions  which 5 t h e  f i r s t  approximation a r e  equ iva len t  t o  

those  occur r ing  i n  t h e  psendopotent ia l  L i t e r p r e t a c i o n  of the  OPbJ method by P h i l l i p s  

and Kleinman. 

SO$-, SO;-, and S20j2’, g i v i n g  reasonable  agreement with measured s h i f t s  i n  the  

X-ray e n i s s i o n  s p e c t r a .  

/ 

I I  

. 
Pre l iminary  s e n i e n p i r i c a l  c c l c u l a t i o n s  have been performed f o r  
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D r .  C. E. Reid is developing a computer program f o r  c a l c u l a t i n g  i n t e g r a l ;  

m n 7 e c ~ ? c .  
f 

Aeeded i n  f i n d i n g  Lnwer hcunds for the  u 

t ives  t o  the  u s u a l  power series expansions f o r  p e r t u r b a t i o n s ,  e s p e c i a l l y  f o r  those 

occur ing  i n  t h e  united-atom expansion and the o s c i l l a t o r  w i t h  a forth-power per-  

uc i s  also studying a i t e r n a -  "2 I1l"A 

t u r b a t i o n ,  where t h e  expansions e i t h e r  do not e x i s t  o r  have only  asymptot ic  v a l i d  

v a l i d i t y .  For  the  o s c i l l a t o r  w i t h  a term i n  X 4 , a convergent  cont inued f r a c t i o n  

was found f o r  expres s ing  t h e  energy.  

I n  o r d e r  t o  e v a l u a t e  t h e  performance of d i f f e r e n t  approximate methods, 

a f u l l  c o n f i g u r a t i o n  i n t e r a c t i o n  t rea tment  was c a r r i e d  out  by D r .  Ru3en Pauncz f o r  

t h e  ground s t a t e  of fu lvene .  The number of c o n f i g u r a t i o n s  used i s  95. These 

r e s u l t s  served as r e fe rence  p o i n t s  f o r  judging t h e  performance of d i f f e r e n t  methods. 

The fo l lowing  approximate t rea t inents  were t e s t e d :  

a )  

b )  

c )  

d )  

AM0 method w i t h  one parameter 

AN0 method w i t h  f i v e  parameters 

AM0 method w i t h  t h e  b e s t  MO's 

Linea r  combination of AM0 wave f u n c t i o n s ,  u s ing  d i f f e r e n t  s p i n  

coupl ing  schemes. 

The r e s u l t s  show t h a t  i t  is  no t  worth while  t o  inc lude  the  l i n e a r  c o d i -  

n a t i o n  of d i f f e r e n t  s p i n  coupl ing  schemes; . i t .  does not lead  t o  apprec i ak le  iLi:lrovc- 

ment. On t h e  o t h e r  hand, i t  i s  important t o  determine t h e  b e s t  molecular  o r b i t a l s  

used i n  the  c o n s t r u c t i o n  of t he  AN0 wave func t ion .  

An a l t e r n a t i v e  t rea tment  which a l s o  uses  t h e  idea  of d i f f e r e n t  o r b i t a l s  

f o r  d i f f e r e n t  s p i n s  (non-paired s p a t i a l  o r b i t a l  method-Linnet t )  was t r i e d  a l s o .  

The wave f u n c t i o n  w a s  decomposed i n t o  c o n f i g u r a t i o n a l  func t ions .  

u s ing  only  one non- l inea r  parameter ,  gave a r e s u l t  which was the  c l o s e s t  one among 

a l l  t he  methods i n v e s t i g a t e d .  

d i f f e r e n t  s p i n  coupl ing  schemes. 

The b e s t  func t ion ,  

A f u r t h e r  improvement w a s  ob ta ined  by t h e  use of 

The NPSO method conies very c l o s e  t o  t h e  r e s u l t  of t h e  f u f l  c o n f i g u r a t i o n  

i n t e r a c t i o n  t r ea tmen t ;  i t  g i v e s  more than  90 p e r  c e n t  of t h e  energy improvement. 

The AMO's method y i e l d s  only  60 p e r  cen t .  The l a t t e r  method has  more p o t e n t i a l i -  

t i e s  f o r  t rea tment  of l a r g e  systems.  

Darwin W. Smith ' 
Associa te  P ro fes so r  

of Chemistry 

Ass i s  t e n t  Direct o r  
Quantum Theory P r o j e c t  

P. 0. L%din 
Graduate Research P ro fes so r  

of Chemistry and Phys ics  

Director , Quantum Theory P r o j e c t  


